Women with gestational diabetes mellitus (GDM) are at high risk of subsequently developing type 2 diabetes mellitus which is an important cardiovascular risk factor. We have evaluated whether preclinical morphological and functional arterial changes are present in GDM. Diameter, intima-media thickness (IMT), intima-media crosssection area (IMCSA) and elasticity features (compliance, distensibility coefficient, circumferential strain, stiffness index (SI) a and b, incremental elastic modulus) of the common carotid arteries (CCA) were studied in the 3 rd trimester in 25 women with GDM, and 17 normal pregnant women matched for age and body mass index using an ultrasonographic vessel wall-movement tracking system and applanation tonometry. Mean IMT, IMCSA and SI α tended to be larger, whereas compliance was smaller in women with GDM but none of these differences were significant. Serum glucose (4.99±0.51 vs. 4.79±0.61 mmol/L, p=0.37) and HbA1c (5.33±0.27 vs. 5.36±0.47 mmol/L, p=0.85) proved normoglycemia in both groups. In conclusion, by the combination of methods we applied in this case control study, neither morphological nor functional characteristics of large elastic arteries differ significantly between well-treated normoglycemic women with GDM and non-diabetic pregnant women in the 3 rd trimester. Keywords: gestational diabetes mellitus, common carotid artery, intima-media cross-section area, intima-media thickness, stiffness index Gestational diabetes mellitus (GDM) is defined as glucose intolerance that appears or is first recognized during pregnancy (38). The purpose of screening for GDM is to diagnose and treat patients as early in pregnancy as possible, thereby preventing complications possibly caused by elevated blood glucose levels in pregnancy. A number of pregnancy complications are thought to be caused by GDM, such as macrosomia, Cesarean delivery, shoulder dystocia, neonatal metabolic problems, perinatal mortality, hypertension of the pregnant and preeclampsia (2, 17). GDM develops in 3-5% of pregnant women but they have a 17-63% risk of developing type 2 diabetes mellitus (T2DM) within 5-16 years following the index pregnancy (7, 15).
Normal large elastic vessel characteristics in GDM
Diabetes mellitus results in accelerated atherosclerosis (16) . Prospective studies have shown that increased intima-media thickness (IMT) of the common carotid artery (CCA) is a powerful predictor of coronary and cerebrovascular complications (23, 24, 27, 32) , and carotid artery IMT (cIMT) is a predictor of coronary artery disease in diabetes as well (11) . Arterial stiffness represents a process of vascular damage distinct from the development of atherosclerosis measured by cIMT (43) . Several cardiovascular risk factors, for example age, smoking, hypertension, hypercholesterolemia and increased free radicals are associated with arterial stiffening (10) .
Women with a previous GDM (pGDM), appear to be at increased risk of CVD, such as increased IMT and stiffness of large elastic arteries and higher values of markers of endothelial dysfunction were found (9, 19, 35, 42, 45) . Tarim et al. (36) have found that women with GDM have increased cIMT compared with unaffected women. Furthermore Savvidou et al. (31) detected increased maternal arterial stiffness of pregnancies complicated with GDM or T2DM. On the other hand similar carotid artery functions were found during normal and diabetic pregnancy (18) .
The aim of our case control study was to assess if structural (d, end-diastolic diameter, cIMT; IMCSA, intima-media cross-section area) and/or functional (Dd, distension; DC, distensibility; CC, compliance; Str, circumferencial strain; SI, stiffness index; E inc , incremental elastic modulus) characteristics of large elastic arteries indeed change in women with GDM. We have assumed that the duration of glucose intolerance during pregnancy is too short to result in significant morphological or functional changes of large elastic arteries, especially in those with well-controlled serum glucose levels.
Subjects and Methods

Subjects
Two groups of women in singleton pregnancy were examined in this cross-sectional study in the 3 rd trimester at 34-36 weeks. Twenty-five women of GDM (n = 25, age 33 ± 4 years) and sixteen pregnant women of normal carbohydrate tolerance, so-called unaffected pregnancy (n = 17, age 31 ± 5 years) were examined in this study. The women included in the study did not have a history of diabetes mellitus or a previous GDM. Control pregnant women were age-and BMI-matched. GDM was diagnosed between weeks 24 and 28 with a 75-g 2-hour oral glucose tolerance test (OGTT) using the World Health Organization criteria in each pregnant women (44) . All pregnant women were recruited from the 1 st Department of Obstetrics and Gynecology, Semmelweis University, Budapest. All diabetic women have been treated at the Diabetes Outpatient Service of the 2 nd Department of Internal Medicine, Semmelweis University, Budapest. After receiving information about the purpose of the study, the participants signed a consent form before blood sampling and carotid sonographic Abbreviations: CC, compliance coefficient; CCA, common carotid artery; cIMT, carotid intima-media thickness; d, end-diastolic diameter; Δd, change in diameter from end diastole to peak systole (distension); DC, distensibility coefficient; E inc , incremental elastic modulus; GDM, gestational diabetes mellitus; IMCSA, intima-media crosssection area; IMT, intima-media thickness; OGTT, oral glucose tolerance test; pGDM, previous gestational diabetes mellitus; SI, stiffness index; Str, circumferential strain; T2, 2 nd trimester; T3, 3 rd trimester; T1DM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus examination. A detailed risk factor questionnaire was completed. The study was approved by the Regional and Institutional Committee of Science and Research Ethics of Semmelweis University.
Protocol
Arterial examination was carried out in the 3 rd trimester between weeks 34 and 36. Subjects were studied two hours after eating in the early afternoon under standardized conditions, in a quiet room at a comfortable temperature. Upon arrival at the investigation unit the subjects filled in a questionnaire, then were equipped with measurement devices. Then they rested in the left lateral position for approximately 15 min until hemodynamic parameters stabilized. This position was in order to avoid the vena cava compression and reduced cardiac prelod. The protocol began with the carotid measurements. The left common carotid artery was examined in each patient. Carotid artery tonometry was carried out after IMT and distension determination.
Arterial wall properties of CCA End-diastolic diameter (d), pulsatile distension (Δd) of the left common carotid artery was determined by ultrasonography. 1.0 cm, longitudinal segment of the CCA was insonated ~1 cm proximal from the bifurcation with a 7.5-10 MHz linear scanner (L10-5, 40 mm, Picus Pro, Esaote, Netherlands). The radiofrequency (RF) signal of the ultrasound device was analyzed with a dedicated data acquisition hardware and software (Art.Lab, Esaote, The Netherlands). This novel system determines all arterial parameters (d, Δd, IMT) with very high precision and reproducibility in real time (28) . IMT was examined between the leading edge of the first echogenic line (lumen-intima interface) and the second echogenic line (upper layer of the adventitia or media-adventitia interface) in the far artery wall at the best image quality. The transducer was in the mediolateral or lateral position. For d readings the software uses a 30 frames/sec refresh rate B-mode scanning method along the 40 mm-long ultrasound probe. Within every frame 128 parallel A-mode radiofrequency measurements were taken, yielding a resolution of 21 micrometers. The software digitalizes the RF signals with a sufficiently high 33.3 MHz sampling rate. Analyzing the distension wave morphology, the software can detect the cardiac cycles even without ECG trigger. The circular memory buffer of the Art. Lab software stores the last 6 seconds of the vessel diameter data. Based on the subject's heart rate, 4-7 distension waves are recorded in each session. For increasing precision, the intrasession variability for d is kept below 100 micrometers of standard deviations. With each subject, 3 sessions were recorded and cIMT and d results were averaged.
For distension and SI α determination "fast B-mode" scanning is utilized with 651 frames/sec refresh rate, by increasing the ultrasound scanner's (Picus Pro) pulse repetition frequency and reducing the number of parallel, A-mode echo lines from 128 to 64. The 2 cmlong segment of the CCA was insonated in 16 sites with 1.7 micrometer spatial resolution. These parameters were recorded during three, 6-seconds sessions and the results were averaged. Dd and d intersession repeatability in non-pregnant control subjects: ultrasonographic examinations were repeated in two sessions, with three weeks interval. Twelve healthy, young volunteers (6 male, 6 female), age range: 23-56 participated in the study. Coefficient of intersession variation (CV) resulted in 1% for diameter and 6% for distension determinations.
Normal large elastic vessel characteristics in GDM
Carotid artery pulse pressure CCA pressure was measured by applanation tonometry with a pencil-shaped probe (SPT-301, Millar Instruments, Houston, Texas) connected to the SphygmoCor system (AtCor Medical Pty Ltd, Sydney Australia). Carotid pulse wave recording was calibrated by using diastolic and mean BP values measured by sphygmomanometry on the right brachial artery. Diastolic brachial pressure was assigned to the minimum value of the carotid pressure pulse wave and the mean pressure to its electrically averaged value. The calibration of the tonometric signal was based on the assumption that mean pressure did not change in large conduit arteries and that diastolic pressure between the brachial and carotid arteries did not substantially differ (22) . The carotid tonometric pressure was used to calculate carotid artery elastic parameters. The cut-off frequencies of the recording devices were above 25 kHz, therefore, no distorsion was induced into the frequency content of pulsatile signals.
Carotid artery elastic variables
Carotid compliance coefficient (CC) was calculated as Δd/ΔP, where Δd is the change in diameter from end diastole to peak systole (distension), and ΔP is carotid pulse pressure. The distensibility coefficient (DC) was calculated as 2×Δd/(d×ΔP), where d is end-diastolic diameter. Strain was calculated as the relative change in diameter during pulsatile distension as 100×ΔP/d. Stiffness index β was expressed as ln(SPc/DPc)×d/Δd, where SPc and DPc are systolic and diastolic carotid pressure, respectively. Stiffness index α was calculated as ln(SPc/DPc)xA/ΔA. Area (A) is calculated automatically by Art.Lab sofware, this is the same parameter with the maximal end-diastolic carotid artery lumen cross-sectional area (LCSA) was calculated as π(d/2) 2 . Intima-media cross-sectional area (IMCSA), which means the territory of the intima-media cross-sectional ring was calculated as
at the end of diastole. This ring is situated outside the lumen of CCA. The inner border of this ring is between lumen (blood) and intima and the external interface is between media and adventitia. Incremental elastic modulus was determined as (8, 28) .
Anthropometric parameters
Body height and weight were measured. We calculated the body mass index (BMI), as weight (kg) / height 2 (m).
Blood sampling GDM was diagnosed at the end of the 2 nd trimester between weeks 24 and 28 of pregnancy with a 75-g 2-hour oral glucose tolerance test using the World Health Organization criteria (44) . Serum glucose was measured at 0 and 120 minutes.
In the 3 rd trimester between 34 and 36 weeks of pregnancy patients and control women were asked to come to the laboratory after an overnight fast before taking their morning medications in the early morning. Fasting blood glucose, HbA 1C , total cholesterol, HDLcholesterol, triglycerides, LDL-cholesterol, white blood cell count, C-reactive protein, uric acid and thyroid-stimulating hormone (TSH) were measured. Blood samples were obtained within 7 days of the carotid examination.
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Cardiovascular risk factors
Cardiovascular risk factors were evaluated by a questionnaire (hypertension, heart disease, smoking, hyperlipidemia, peripheral artery disease, migraine, stroke, alcohol consumption). Hypertension was defined as systolic blood pressure >140 mm Hg, diastolic blood pressure >90 mm Hg, and/or self-report of antihypertensive medication use. Hyperlipidemia was defined as the presence of raised or abnormal levels of lipids and/or lipoproteins in the blood (total cholesterol > 5.0 mmol/L; LDL cholesterol > 3.0 mmol/L; triglycerides > 2.0 mmol/L; HDL cholesterol < 1.1 mmol/L). Smoking was presented as Number of Pack Years = (Packs smoked per day) × (years as a smoker). Alcohol consumption was considered in number of units per day.
Statistical analysis
For each subject the mean values of the left CCA were used. Data are expressed as mean ± SD. Risk factor distribution was compared by the Fisher-test. Normality of continuous variables was checked by the Shapiro-Wilk test. Analysis of variance was used to evaluate data with normal distribution. For variables with non-normal distribution the Mann-Whitney test and the Spearman Rank Order correlation were used. Statistical significance was assumed at p < 0.05. Statistica for Windows v8.0 (StatSoft, Inc, Tulsa, OK) was used for data analysis.
Results
Characteristics of the study population
The characteristics of the women with GDM and women with unaffected pregnancy are shown in Table I . Participants of the control and the GDM groups were successfully matched for age and BMI. Twelve women with GDM were taking 15 ± 22 U of insulin in different preparations and 200 g carbohydrate diet daily. The rest of 13 women with GDM were treated without insulin and 180-200 g carbohydrate diet was enough to maintain normoglycaemia. HbA 1C levels indicated good glycemic control (5.36 ± 0.47 mmol/L).
Except for diabetes, the presence of cardiovascular risk factors was similar in women with GDM and control subjects. Three women had migraine and 1 woman had hypertension in the control group. Hypertension was treated with methyldopa. Four pregnant women had migraine and 1 woman had hyperlipidemia in the GDM group. Heart disease, smoking, peripheral artery disease and stroke did not occur in the study subjects. Alcohol consumption was not relevant in any group (0.1 vs. 0.2 U/day).
Gestational age was similar in the two groups. Macrosomia, shoulder dystocia and birth trauma were not detected after birth. The number of instrumental delivery, as Cesarean delivery did not differ significantly. There was not perinatal mortality and the Apgar scores were normal at 5 minutes. Pre-eclampsia was observed in one occasion in both groups.
Metabolic features
The results of metabolic parameters are shown in Table II . At the time of the OGTT the glucose level was normal at 0 minute and of course it was significantly elevated at 120 minutes in the GDM group compared to control subjects. Intensive insulin therapy and /or diet were introduced after the diagnosis. In both groups, namely in treated women with GDM and in unaffected pregnant women normal fasting blood glucose level and HbA 1C proved normoglycemia in the 3 rd trimester. There were no significant differences between groups in other parameters. Data are means ± SD. *p < 0.05 compared to control pregnant women. HbA1c, glycosylated haemoglobin A1c; CRP, C-reactive protein; WBC, white blood cell; HDL-C, HDL-cholesterol; LDL-C, LDL-cholesterol; TSH, thyroid-stimulating hormone.
Structural and functional characteristics of the common carotid artery
All parameters suggested some alteration of CCA in women with GDM but the differences were not significant for any feature. Neither morphological (d, cIMT, IMCSA) nor functional (Δd, DP, strain, CC, DC, SI α and β, E inc ) characteristics of large elastic arteries differ significantly comparing women with GDM and unaffected controls in the 3 rd trimester (Table  III) . Data are means ± SD d, end-diastolic diameter; Δd, change in diameter from end diastole to peak systole (distension); ΔP, carotid pulse pressure; cIMT, carotid intima-media thickness; LCSA, lumen cross-sectional area; IMCSA, intima-media cross-sectional area; CC, compliance coefficient; DC, distensibility coefficient; SI a and b, stiffness index; E inc , incremental elastic modulus.
Discussion
Neither morphological nor functional characteristics of large elastic arteries differed significantly between well-treated normoglycemic women with GDM and non-diabetic pregnant women with normal carbohydrate tolerance at the end of the 3 rd trimester.
IMT Endothelium and intima are placed at a critical location influenced by reactive oxygen species produced in diabetes in the site of atherosclerosis and intimopathy (16) . An increased cIMT was observed not only in long-standing type 2 diabetic but also in newly detected type 2 diabetic patients (5, 8) . In type 1 diabetes mellitus (T1DM) cIMT was found to be thicker already in children, adolescents and young adults (3, 4, 13, 20, 29, 33, 39) . Increased cIMT within the normal upper limit shows that young women with pGDM have an early sign of vessel involvement (1, 9, 42) . Carotid IMT increases from the first to the third trimester of normal pregnancy and regress in the postpartum period (30, 41) . Tarim et al. (36) detected elevated cIMT in women with GDM in the 2 nd trimester. The carotid ultrasound was performed nearly at the time of OGTT and the examination was not repeated in the 3 rd trimester. Their data draw attention of strict glycemic control in women with GDM. In our study the arterial examination was performed at the end of the 3 rd trimester and both controls and women with GDM had normoglycemia. According to the results of Tarim et al. and our study it may be assumed that higher cIMT in women with GDM in the 2 nd trimester may be reversible if normoglycemia is maintained in the 3 rd trimester. Presumably effective glycemic control can help to prevent evolution of increased cIMT.
Diameter of the CCA Dilatation of the carotid artery may be associated with qualitative changes of the elastic fibers and may lead to a defective mechanotransduction explained both by local glycoxidation and lipid peroxidation induced inflammation (6) . Increased carotid diameter as a consequence of arterial stiffness limits the deterioration of the buffering capacity of the central artery (34) . Vessel d correlated with cardiovascular risk factors such as systolic BP, BMI, blood lipids and glucose levels. These findings suggest that the mechanism behind the increased carotid d may be related to regulatory mechanism present before compensatory enlargement to preserve lumen area and the vessel d may be used as risk factor indicator (21) . In young T1DM patients without macrovascular complications the systolic BP was an independent predictor of d. Increased IMCSA, which is also related to d in addition to IMT, signed more sensitively the early morphological alterations in long-standing T1DM patients and the usefulness of the measurement of IMCSA was indicated (40) . In our study, the d and IMCSA were somewhat larger in women with GDM, but the difference was not statistically significant. Therefore we assumed that approximately a 10-14 weeks period of GDM is not long enough time to the manifestation of changes of d.
Functional parameters of the common carotid artery
Not only morphological but functional parameters of the CCA should also be evaluated to detect early alterations of large elastic vessels. In a pediatric type 1 diabetic population radial artery tonometry was used and the study found significantly increased arterial stiffness already in children (14) . During normal pregnancy, the increase in venous tone, contributing to preload augmentation, and the decrease in aortic stiffness, reducing afterload, both optimize cardiac function until delivery (12) . Stiffening of the carotid artery represents a region specific change in arterial elasticity, as global arterial distensibility was found to increase during normal pregnancy (25, 41) . During healthy pregnancy the fall in total peripheral vascular resistance is paralleled by improved macrovascular compliance. A 2-4 years after pGDM a significantly higher arterial stiffness was found compared with reference women without a history of pGDM (19) . Pregnancies complicated by GDM and T2DM were reported to be associated with increased maternal arterial stiffness (31), whereas other did not find such changes (18) . Our results did not show significant differences in functional properties between women with well-treated GDM and controls.
Arterial stiffness represents a process of vascular damage distinct from the development of atherosclerosis measured by IMT (26, 43) . Stiffening affects predominantly the aorta and proximal elastic arteries, and to a lesser degree the peripheral muscular arteries (26) . Interestingly both carotid-radial pulse-wave velocity (PWV) and carotid-femoral PWV increased in pregnant women with T2DM and only carotid-radial PWV signed arterial stiffness in women with GDM. Both GDM and T2DM were characterized by higher maternal augmentation index compared to controls, suggesting increased stiffness of the small muscular arteries/arterioles at the major site of pressure wave reflection (31) . Significantly elevated PWV in T1DM group was attributed to the high values in patients with long (>10 years) disease duration (40) . However GDM is a relatively short period of carbohydrate intolerance. Vastagh I et al. This study has some limitations. As GDM is diagnosed at the end of 2 nd trimester an initial arterial examination could have been performed between weeks 24 and 28 and repeated in the 3 rd trimester. Intraindividual changes over time, if any, could have been identified by such repeated measurements. However, as both morphological and functional features were essentially similar in controls and GDM patients several weeks after the diagnosis of GDM, it seems unlikely that considerable and consistent changes could have occurred within the GDM group between the 2 nd and 3 rd trimester. Logistic difficulties like obtaining consent from pregnant women for repeated studies in the 2 nd to 3 rd trimester also prevented such comparison. The the second limitation is relatively small number of study of subjects under study.
Altrations of arterial properties are controversial in studies concerning GDM. Either structural or functional characteristics of CCA or aorta were examined in the previous reports and different methods were used in different trimesters therefore the comparison of these results is difficult. The strength of this study is the parallel evaluation of a range several morphological and functional features of CCA in women with GDM without clinically manifest macrovascular complications.
In conclusion, by the combination of methods we applied in this case control study, neither significant morphological nor significant functional changes of large elastic vessels could be detected in properly treated normoglycemic women with GDM in the 3 rd trimester. Similarly to previous reports that detected some alterations of large arteries in GDM our result also suggest that intensive treatment of carbohydrate intolerance and effective glycemic control may help to prevent early damage of large elastic arteries.
